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membrane of cell surfaces must not only weaken the cell surface (R. E. W. Hancock, Annu. Rev. Microbiol. 38:237-264, 1984 ; N. L. Martin and T. J. Beveridge, Antimicrob. Agents Chemother. 29:1079-1087, 1986; S. G. Walker and T. J. Beveridge, Can. J. Microbiol. 34:12-18, 1988 ) but it must also be more important in cell death than was originally thought.
Uptake of aminoglycoside antibiotics such as gentamicin into Pseudomonas aerugino2a is a multifactorial process that involves ionic interaction with the exterior of the cell and then two energy-dependent phases that involve an energized cytoplasmic membrane and electron transport (8, 47) . It is generally accepted that the first, crucial step in the self-promoted uptake of gentamicin is a rapid electrostatic binding to the outer membrane which is a passive, nonenergy-dependent event initiated by an interaction between cationic moieties of the antibiotic and negatively charged residues in the lipopolysaccharide (LPS) of the bacterial membrane (15, 21, 32, 38, 47, 50) . The polycationic antibiotic competitively displaces the essential divalent cations Mg2+ and Ca2+ which cross-bridge adjacent LPS molecules (14, 35, 39) . This binding can so rearrange the LPS packing order that it results in outer membrane blebbing, the formation of transient holes in the cell wall, and the disruption of the wall's innate permeability to antibiotics (32, 45) . Disruption of outer membrane permeability by this mechanism has been implicated as providing a self-promoted pathway for the aminoglycoside antibiotic's own uptake (14, 21, 31, 32, 39, 50) . The ionic binding of gentamicin is related to drug concentration, and the postantibiotic effect has been shown to be bactericidal (31) . The relationship of ionic binding to the drug concentration-dependent bactericidal action dictates the clinical selection of the most effective and least toxic drug regimens for treatment (21) .
Most P. aeruginosa strains possess two chemically and immunologically distinct types of LPS 0 polysaccharides termed the A and B bands. The high-molecular-weight B * Corresponding author.
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band is highly anionic and determines the serotype specificity of a particular strain, whereas the A band contains shorter chains of predominantly uncharged sugars composed primarily a polymer of a1--2-, al1-+3-, ot1--3-linked D-rhamnose and low levels of 2-keto-3-deoxyoctulosonic acid (KDO). Unlike B band LPS, it lacks phosphate but contains stoichiometric amounts of sulfate (2, 29, 41) . P. aenrginosa is known to undergo phenotypic alterations during in vivo growth (5, 28) , so that the B band LPS becomes entirely replaced with A band LPS and is therefore the major LPS antigen among most clinical isolates from cystic fibrosis patients with chronic Pseudomonas pulmonary infections (17, 19, 28, 46) . Prolonged antibiotic therapy has been implicated as one of the reasons for this conversion (2, 13, 37) . Many of these clinical isolates show altered susceptibilities to aminoglycosides, and the mechanism(s) which confers this resistance is unclear (19) . Laboratory studies have shown that permeability resistance to aminoglycosides is partly due to alterations in the LPS structure which decrease antibiotic passage across the outer membrane (1, 8, 9, 43, 49) or is due to defects in the cytoplasmic transport system that are related to inefficient energy generation (3, 7, 36) .
Mutagenesis with ethyl methanesulfonate and an LPSspecific phage has generated P. aeruginosa strains possessing A' B-, A-B+, and A-B-LPS attributes (4, 29) . The contribution of either A or B band LPS in the ionic binding of aminoglycosides to the outer membrane of P. aeruginosa is not known. Accordingly, we investigated the influence of A and B band LPSs in ionic binding of gentamicin after (5, 10, and 20 ,ug/ml) of gentamicin. After 2 min, 2.0-ml samples were removed and filtered through a 0.45-,um-pore-size membrane filter pretreated with a 3.0-ml solution of appropriate concentrations (5, 10, and 20 ,ug/ml) of unlabeled gentamicin. The quantity of radiolabeled gentamicin in the filtrate was measured, and the amount of gentamicin passively bound to each strain was determined.
Effect of ionic binding on cell viability. The effect of ionic binding on cell viability was determined as described by Jackson et al. (21) , with slight modifications. Exponentialgrowth-phase cultures were diluted in nutrient broth to produce a bacterial suspension of 108 CFU/ml, and the suspension was placed in an ice bath for 30 min. After reaching equilibrium with the bath temperature (4°C), gentamicin prepared in cold medium from stock solutions of various concentrations was added to obtain various final concentrations (5, 10, and 20 ,ug/ml) in test cultures. Identical bacterial cultures without antibiotic served as controls. After exposing the culture to drug for 2 min in the cold, the numbers of viable bacteria in the postexposure test and control cultures were determined. Briefly, an equal volume was withdrawn from the culture and unbound drug was eliminated by absorption to 20 mg of phosphocellulose per ml in the first two of six tubes in nutrient broth at 4°C, and then the cells were plated onto antibiotic-free agar. Survival values were determined by calculating the average viability for each strain and comparing them with the viabilities for control cultures.
Permeabilization of whole cells to lysozyme. Lysozymemediated lysis of P. aeruginosa strains by gentamicin was carried out by the method described by Angus et al. (1) .
Preparation of LPS. LPS was prepared by the whole-cell lysis method described by Hitchcock and Brown (18) .
SDS-PAGE analysis and silver staining. The various LPSs were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described by Rivera et al. (41) by using 13% acrylamide gels. Silver staining of the separated LPS bands was done by the method of Tsai and Frasch (48) .
Western immunoblotting. LPS samples were transferred from SDS-polyacrylamide gels to nitrocellulose and reacted with monoclonal antibody (MAb) MF 15-4 (specific for B band serotype 05) or MAb NlF 10 (specific for A band polysaccharide) as described by Lightfoot and Lam (29) . RESULTS 
SDS-PAGE banding pattern and immunoreactivities of
LPSs from wild-type and mutant strains. LPSs from P. aeruginosa strains were separated by SDS-PAGE and silver stained to characterize the carbohydrate moieties and banding patterns (Fig. la) . To identify the A and B band LPS antigens, electrophoretic blots of LPSs from the SDS-polyacrylamide gel described in Fig. la were reacted with either A band-or B band-specific MAbs (Fig. lb and c) . The ladder-like banding pattern of LPS from strain PA01 (A' B+) was similar to the patterns reported previously (29, 41) and showed irregularities in the spacings and intensities of the bands. Immunoblotting of the PAO1 (A' B+) LPSs with both A band-and B band-specific MAbs showed coexpression of the A band and the B band ( Fig. lb and c) . The B band was not well resolved and reacted as more of a smear, with less distinction between separate bands, particularly in the higher-molecular-weight region containing the longer lengths of 0 repeating units. A band units were observed in a different position in the gel, with the spacing and intensity of the ladder pattern being much more regular than those seen with B band LPS, confirming the results of earlier studies (29, 41) . In contrast, the silver-stained LPS profile from strain AK 1401 (A' B-) also indicated ladder-like bands, but these were not as extensive as those of PA01 (A' B+), indicating that the bands were of lower-molecularweight LPS than the B band (Fig. la) . Furthermore, these AK 1401 bands reacted only with the A band-specific MAb; the placement of most bands was similar to that of the A band LPS from PAO1 (29, 41) . The of strain dps 89 (A-B+) was similar to that of PAO1 (A' B'). However, the doublet bands seen in the middle position of the gel for PAO1 (A' B+) were absent in the gel for dps 89 (A-B+). Immunoblots of LPS profiles of dps 89 (A-B+) indicated that the high-molecular-weight material was B band LPS and confirmed that the A band was not present. Silver-stained LPS from strain rd 7513 (A-B-) lacked the ladder-like bands, and this LPS was not reactive with either A band-or B band-specific MAb, confirming the absence of A and B band LPSs. There were no significant differences seen in the outer membrane protein profiles of PAO1 and its LPS derivatives, although a trace amount of an additional protein (-70 kDa) in rd 7513 was seen (data not shown). The bacterial strains and their LPS characteristics are summarized in Table 1 .
Ionic binding of gentamicin and its antibacterial effect on P. aeruginosa PAO1 and LPS derivatives. The ionic binding of gentamicin to the cell surface of P. aenrginosa strains was investigated by using [3H]gentamicin. Figure 2 demonstrates that ionic binding of gentamicin was related to the drug concentration and that binding was nonsaturable at the highest drug concentration tested. This suggests that there is some cooperativity of binding as gentamicin complexes to the surface. Other investigators have reported similar observations in P. aeruginosa (21, 30 Previous studies have demonstrated that the ionic binding of the aminoglycoside is an interaction between antibiotic and the outer membrane (11, 20, 21) . In gram-negative bacteria, the ionic binding sites include charged LPS substituents, polar heads of phospholipids, and outer membrane proteins (47) . The ability of cationic antibiotics to penetrate Gentamicin was added to cell suspensions in the presence of lysozyme and NaN3. Lysis was followed as the decrease in optical density at 600 nm. Means t standard deviations of three independent determinations are shown. the outer membrane is related to their ability to bind LPS near the lipid A head group, destroying the LPS-LPS crossbridging and destabilizing the outer membrane bilayer structure (14, 35) . Earlier studies in our laboratory have demonstrated that ultrastructural and biochemical alterations occur in the cell wall of P. aeruginosa during the self-promoted uptake of gentamicin. During this process, the outer membrane lost significant amounts of protein, LPS, Ca2+, and Mg2+ (32, 50) .
The chemical structure of A and B band LPSs from P. aeruginosa have been elucidated (2, 24, 41) . The B band LPS of P. aeruginosa is believed to contain approximately 12 phosphate groups and two to three KDO residues per molecule, and it is also often high in amino derivatives of uronic acid or in fucose residues (25, 51) . As a consequence, the LPS carries a net negative charge at physiological pHs, resulting in a strong negative charge on the surface of the cell (14) . However, the chemical composition of the A band has been found to contain low levels of heptose, KDO, and amino sugars and is composed mainly of uncharged D-rhamnose. A band LPS replaces its phosphate with sulfate (2, 29, 41, 42, 44) . Stoichiometric differences in the constituents of the outer core or lipid A of A and B band LPSs have also been reported (41, 42) . In total, these differences ensure that the A band is much less negatively charged than the B band. Indeed, results from our laboratory have demonstrated that strains with A band LPS do not stain with electron-dense uranyl ions (UO22+) during the preparation of specimens for electron microscopy (27) . On the other hand, strains that possess the B band LPS stain darkly because the electronegative sites of this LPS readily complex UO22+ from solution. The ionic binding of gentamicin appeared to be nonsaturable at the highest concentration of gentamicin. This observation is in agreement with previous published work (21, 30) . It is believed that as the cation binds to LPS, the molecule alters its conformation to the extent that other (23) reported that, depending on the length of the 0 repeats in the LPS, the core-portion of LPS could exist in a well-defined cylindrical shape whose long axis runs parallel to the outer membrane surface. On the other hand, the 0 antigen (including the Ra portion) runs perpendicular to the cell surface. The lower affinity of gentamicin toward LPS-defective strains in relation to that toward the wild-type strain could be partly due to an architectural alteration in the bacterial outer membrane. For example, the absence of 0 side chains could alter the number and spatial arrangement of the negative charges, LPS fluidity, the presence or absence of hydrophobic sites, the specificities of binding sites for certain cations, the number, position, and composition of LPS phosphates, and outer membrane proteins such as OpH (H1) (16, 34, 38) . Alterations in the LPS molecule are also known to induce changes in the fatty acid composition of the acyl chains. Kropinski et al. (26) showed that an antibiotic-supersusceptible strain had a markedly lower level of C12 and C16 fatty acids compared with the number in the parent strain. The fatty acid compositions of the mutants used in the present study were not investigated. A high proportion of P. aeruginosa isolates from cystic fibrosis patients lack the repeating ladder pattern of LPS, and the majority of clinical isolates from these patients possess the A band as the major LPS antigen (17, 37, 40) .
Furthermore, these isolates show increased resistance to aminoglycoside antibiotics (19, 46 However, our results demonstrate that surface binding alone could reduce substantially the number of viable cells. We believe that the binding of gentamicin to the outer membrane contributes to cell death by weakening the cell envelope. To test this hypothesis further, we are attempting to modify the gentamicin molecule chemically so that it can be directly visualized by electron microscopy on the binding sites of intact bacterial cells before, during, and after cell death.
